Abstract. The humidity sensitive characteristics of 10 mol% Sm 2 O 3 doped ZrO 2 sensors were investigated in the relative humidity range from 11% to 95% with various frequencies under 25 o C. Qualitative analyses indicate that the humidity sensing properties of Sm 2 O 3 -ZrO 2 can be controlled by doping Sm 2 O 3 with content is 10 mol%. The corresponding sensor shows excellent performance at 100 Hz, such as high humidity sensitivity and fast response-recovery time. Both properties are much better than those of pure ZrO 2 sensor. Furthermore, the resistance of sensor drops by about four orders of magnitude with relative humidity increasing.
Introduction
Recent years, humidity sensors as an important sensor have attracted much attention due to their broad applications in various fields [1, 2] . Generally, the qualified humidity sensing materials should possess some characteristics, for example, high sensitivity, good chemical and physical stability, rapid response and recovery time, and low hysteresis [3, 4] . As an essential element of sensors, hence, sensing materials should be improved with high sensitivity and reliability in order to meet the increasing requirements. There are two types sensing material for humidity sensors: organic polymer films and porous ceramic films [5] . The main disadvantages for both materials are the low operation temperature, poor physical and chemical stability, and the dull response and recovery time.
Nano-sized thin films are optimal candidates for humidity sensor for their high surface area, and the large surface area facilitates the adsorption process of water molecules. ZrO 2 as humidity sensing material becomes heatedly discussed topics in recent years. The main disadvantage of ZrO 2 is the longer response and recovery time, which leads to the pure ZrO 2 sensor can not meet the human's requirements. Due to the remarkable physicochemical activity, rare earth materials are widely used to improve the performance of sensors. Cosentino et al devoted their works to the zirconia-titania porous ceramics for humidity sensors [6] . Su et al studied the Y 3+ and Mg 2+ doped zirconia thick film humidity sensors [7] . Wang et al reported the properties of nano-structured films humidity sensor with commercial ZrO 2 nanoparicles [8] . To the best of our knowledge, however, the performance of humidity sensors controlled by doping Sm 3+ for ZrO 2 sensor has not been reported. Herein, nano-sensor material of 10 mol% Sm 2 O 3 doped ZrO 2 were synthesized via hydrothermal method. The physical and chemical properties of the as-synthesized powders, the sensing performance of corresponding sensor were investigated in the relative humidity range from 11% to 95% at room temperature. The main purpose of this study is tried to control the humidity sensing performance of the humidity sensor by doping rare earth materials.
Experimental
Nanoparticles of 10 mol% Sm 2 O 3 doped ZrO 2 were synthesized via the conventional hydrothermal method. Detailed steps can be reference [8] . For comparison, the pure ZrO 2 nanopowders were synthesized by the same procedure. The crystalline phases of nanocrystalline powders were identified by powder X-ray diffraction (XRD, Bruker D8 Focus powder X-ray diffractometer) using Cu Kα radiation (λ=1.5406 Å) with a scanning rate of 5°min -1 . The operation voltage and current were maintained at 40 kV and 40 mA, respectively [8] . The mean particle size of powders (D) was determined by Scherrer's equation.
Results and Discussion
For both samples, the thermal behaviors were investigated by TG/DSC, as shown in Fig. 1 . It can be noted from Fig. 1 , the overall mass loss is about 1.52% for 10 mol% Sm 2 O 3 doped ZrO 2 . While for pure ZrO 2 , the whole mass loss is 1.43%. The mass losses for both samples mainly came from the decomposition of organic substances and the evaporation of physically absorbed water [8] . In the case of DSC curves, both samples have an exothermic peak at about 90 o C, which can be due to the elimination of residual organic substances [9] . Moreover, another exothermic peak near 1100 o C is resulted from the grain coarsening [10] , and the temperature of this peak for 10 mol% Sm 2 O 3 doped ZrO 2 is lower than that of pure ZrO 2 . powders.
The phase structures of the as-prepared products for both samples were examined by XRD. From  Fig. 2 , both as-synthesized products show a typical cubic structure [JCPDS 78-1291]. The diffraction peaks locating at 30.1º , 34.9º , 50.2º and 59.6º can be well assigned to the (111), (200), (220) and (311) reflections, respectively. No other phase structure can be observed which implying the final products are pure and no other impure. For the peak position, compared to pure ZrO 2 , 10 mol% Sm 2 O 3 doped ZrO 2 is shift to low angle which indicating the variation of lattice parameters. This fact can be explained as following: Sm 2 O 3 has been dissolved in the ZrO 2 crystal lattice through substitution solid solution [11] . The ionic radius of Sm 3+ (0.106 nm) is much larger than that of Zr 4+ (0.072 nm). The substitution of Zr 4+ by Sm 3+ will leads to the lattice distortion [12] . This is the reason for the peak position of 10 mol% Sm 2 O 3 doped ZrO 2 lower than that of ZrO 2 . In addition, the crystalline sizes and specific surface areas of both samples were also investigated. The calculated crystal sizes for both samples are 15.32 and 24.61 nm, respectively. Furthermore, in this study, the as-synthesized 10 mol% Sm 2 O 3 doped ZrO 2 powders has a high specific surface area of 106.53 m 2 ·g -1 , which is larger than that of pure ZrO 2 (86.43 m 2 ·g -1 ). The high specific surface area is beneficial to the performance of humidity sensor. In order to study the influence of humidity sensing properties for doping, the relationship between the resistance variation and relative humidity (RH) were measured under different frequencies at 25 o C. It can be observed in Fig. 3 , for the doped sensor, the resistance of sensor at low frequency region (10 and 100 Hz) varied three orders of magnitude as the relative humidity changed from 11 to 95% RH, while the impedance only changed two orders of magnitude at 100 Hz at the same relative humidity range mentioned above. The higher the sensing properties are, the better the linear relation of resistance vs. RH will be. Furthermore, it can be obviously noted from Fig. 3 , the humidity sensing property of doped sample is better than that of pure ZrO 2 with the frequency is 100 Hz. The reason can be explained as the mechanism of depletion type adsorption of semiconductor materials: for the pure ZrO 2 humidity sensor, electrons as the carrier have an important role on the conduction process. The addition of low valent cation dopants will lead to the concentration of elections decrease, indicating that conductivity declining and impedance becoming larger [13] . The response and recovery time of both samples were further investigated to evaluate the performance of sensor, as shown in Fig. 4 . The sensor is putted from initial atmosphere (25% RH) to final atmosphere (95% RH) and transferred back to investigate the response and recovery time. From  Fig. 4 , the response time of doped sensor is about 50 s, and the recovery time is about 60 s. For the pure ZrO 2 , however, the response and recovery time are 70 and 90 s, respectively. This fact indicating that the humidity sensing property of ZrO 2 sensor can be effetely improved by doping Sm 2 O 3 .
Rare earth materials have widely used to control the performance of functional materials. The addition of low valent cation dopants can result in the change of the elections concentration. In addition, the adsorption process of water molecules is more important for the properties of humidity sensor [14] . When the relative humidity is low, few molecules will be adsorbed on the sensor's surface. The electrolytic conduction will be influenced by the humid atmosphere on the surface. In this case, two cases will improve the electrolytic conduction: the high local charge density and the strong electrostatic field [10] . On the other hand, when the relative humidity is high, lots of water layers will be formed which will leads to the formation of continuous water layer on the surface of sensor [15] . Furthermore, two conditions mentioned above (the nano-scale grain size and large specific surface area of the particles) also have a key role on the performance of sensor [16] . For the doped sensor, the average particle size and specific surface area are 15.98 nm and 106.53 m 2 ·g -1 , respectively. Both values are much better than those of pure ZrO 2 . In a word, the sensing properties of ZrO 2 can be effectively controlled by doping Sm 2 O 3 .
Conclusions
Humidity sensing properties ZrO 2 doped can effectively control the performance of humidity sensing. By contrast, the ZrO 2 doped with Sm 2 O 3 sensor shows better sensing characteristics (high sensitivity, fast response and recovery time) than pure ZrO 2 sensor in the relative humidity range of 11 to 95% with 100 Hz. This fact can be explained by the higher specific surface area and larger adsorption capacity of water molecular resulted from Sm 3+ substitute the site of Zr 4+ .
